We employ a 2-dimensional, time-dependent, fully nonlinear model of minor species in the mesopause region and our Spectral Full-Wave Model to simulate the response of atomic oxygen (O) to a gravity wave packet in the mesopause region. We demonstrate that gravity waves affect the timeaveraged distribution of O in the mesosphere and lower thermosphere (MLT) region through the constituent fluxes the waves induce. Our conclusions are based on simulations of two wave packets that violate the non-acceleration conditions through transience and dissipation. The net cycle-averaged effect of the waves is to significantly increase (by as much as 50%) the O density through downward transport of O at low altitudes (< 90 km), and to deplete (by as much as 20%) the O density above ~ 100 km altitude. Comparison with results obtained including only chemistry and diffusion suggests that the effects of gravity wave transport on the distribution of O in this region can be greater than the effects of eddy transport.
Introduction
Atomic oxygen (O) plays a central role in the chemistry of the mesosphere, lower thermosphere (MLT) region. Both chemical and dynamical processes determine its height distribution. Its chemical lifetime varies from about a day near 80 km altitude to a week at 100 km [e.g., Torr, 1985] . It is produced in the thermosphere and upper mesosphere through the dissociation of 02, and transported downwards from the lower thermosphere into the upper mesosphere by molecular and eddy diffusion, wave transport, and the mean meridional circulation. Usually, the wave transport of minor constituents, which is the subject of this paper, is not considered.
Studies describing the effects of linear gravity waves on minor species in the MLT region have either employed linear, steady-state chemistry in order to quantify wave effects [e.g., Walterscheid and Schubert, 1989; Hickey et al., 1993; Schubert et al., 1991; Hickey et al., 1997] , or have parameterized the effects of the waves on the chemistry [e.g., Strobel, 1981; Schoeberl et al., 1983; Garcia and Solomon, 1985 This transport is different from the transport due to cycleaveraged wave fluxes we consider here.
We demonstrate that in the MLT region, gravity waves can cause a net cycle-averaged transport of minor species having long chemical lifetimes, such as O. Mean state forcing is expected whenever the non-acceleration conditions are violated.
These conditions are that the waves be linear, conservative, steady, and not encounter a critical level [Eliasesen and Palm, 1961; Andrews and Mcintyre, 1976; Walterscheid, 1995] . In addition, transport will occur whenever chemistry is able to induce an out of quadrature relation between the vertical velocity and mixing ratio fluctuations. This process is not effective for the waves considered here for O because of its long chemical time constant compared to the dynamical time constants. For the first time a rigorous modeling approach is applied to the problem of calculating O fluxes driven by the combined effects of gravity wave transience and dissipation. Using a 2-D, time-dependent, fully nonlinear model describing the response of minor species in the mesopause region to dynamical forcing by a gravity wave packet, we demonstrate the important role of gravity wave packets in the distribution of O in the MLT region.
Model
We model the forcing influence of a gravity wave packet (simulated with our Spectral Full-Wave Model) on minor species in the MLT region (simulated with a time-dependent, fully nonlinear chemistry model), as described next. 
Spectral Full-Wave Model
The Spectral Full-Wave Model (SFWM) simulates a timedependent wave packet using a spectral approach. A full-wave model [Hickey et al., 1997 [Hickey et al., , 1998 [Hickey et al., , 2000 With the forcing specified by G(co, k), the full-wave calculation for the (co, k) pair provides u'(co, k,z), w'(co, k,z), r'(co, k,z), and p'(co, k,z) (written as tv'(co, k,z)). The SFWM provides u'(x,z,t), w'(x,z,t), r'(x,z,t), and p'(x,z,t) (written as •' (x,z,t)) using the inverse Fourier transform u'(x,z,t)= I (1)
We evaluate (1) numerically using 2000 waves (500 positive and 500 negative co, and 1 positive and 1 negative k). The forcing period is 20 minutes. The periods used in (1) range from-•5 minutes to -•40 hours. Here, co is the wave frequency, k is the horizontal wavenumber, z is altitude, u' and w' are the horizontal and vertical perturbation velocity, respectively, T' is the perturbation temperature, and p' is the perturbation density. The amplitude at the forcing frequency is set to a maximum allowed by the Orlanski and Bryan [1969] condition just above the main airglow region (~ 110 km). 
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Results
We perform experiments using two different wave packets, both characterized by the same frequency spectrum and forcing frequency, but having different values of 2x: 2x = 30 km (denoted wave 1) and Ax = 60 km (denoted wave 2), respectively. The packet parameters are z' = 100 minutes and At = 20 minutes. Wave 2 has twice the phase and group velocity of wave 1, and so propagates from the source (at 10 km altitude) to the airglow region (~ 90 km altitude) in a much shorter time (by ~ 1 hr). We therefore present simulation results for times starting at 1.5 hr for wave 2, and at 2.5 hr for wave 1. Figure 2b shows results similar to those for Figure 2a except for wave 2. This is a faster wave packet, and the disturbance first reaches the 100 km altitude level at times near 100 min. Maximum density perturbations at 100 km occur near 250 minutes (100 min sooner than for wave 1) with an amplitude of about 1%. Because the individual Fourier components have twice the speed of the corresponding components associated with wave 1, the amplitude decay of the packet at times greater than 300 min occurs rapidly compared to that associated with wave 1. Relative fluctuations in n(O) are -• 15 % (a factor of ~3 smaller than for wave 1). There is a secular increase of n(O) (short dashed curve), in contrast to the decrease associated with wave 1 shown in Figure 2a . This is because wave 2 peaks at a higher altitude compared to wave 1, and is transporting O down from higher altitudes at a faster rate than it can transport it downward and away from the 100 km altitude level. altitudes displayed. In contrast to the results obtained for wave 1, the shape of the O profile is not significantly affected and the altitude of peak O density remains unchanged, for either wave 2 forcing or for eddy diffusion acting alone. For z _• 120 kin, n(O) is relatively insensitive to the particular wave parameters used in the simulations because transport due to molecular diffusion begins to dominate.
The eddy diffusion profile used in the SFWM to damp the waves is based on a profile given by Strobel [ 1989], and has a maximum value of 100 m 2 s '• at 90 km altitude and a full-
Figure 3 shows final altitude profiles of n(O) for several simulations (see caption). Wave 1 has a significant effect on the distribution of O (dashed-dotted curve). At altitudes above (below) ~97 km (the height of the original O peak) O densities decrease (increase). These effects increase
Conclusions
We have described a new model describing the timedependent, non-linear response of the minor species to dynamical forcing by a gravity wave packet. We find that in addition to causing O fluctuations, the waves cause a large secular variation of O driven by wave transience and dissipation that is greatest for the slower wave packet that dissipates strongly below ~110 km altitude. The effects of eddy diffusion, with rlmax = 100 m 2 s 'l appear to be far less important than wave effects on the distribution of O in the MLT region. The transport effects considered here will need to be incorporated into future global scale models (using parameterization schemes) in order to accurately determine the O distribution in the MLT region.
